Helixes and chiralities are ubiquitous in nature and closely related to the origin of life, but the spontaneous assembly of such patterns has rarely been realized in low-temperature plasma jets which have numerous applications in biomedical engineering and materials processing. Recently chiral plasma plumes have been generated in the absence of any asymmetric factor. Under the condition of specific pulse DC discharge parameters, the discharge channels that originally propagated along a straight line turn into three dimensional helical plasma discharge channels spontaneously. And the pitch of the helixes can be guided by the external coils outside dielectric tubes in experiments. In this paper, we apply the finite element analysis method to simulate the electrostatic field of the chiral plasma guided by external coils. The effects of initial electric field and surface charges for the formation of the chiral plasma plumes are discussed respectively. These results have important implications for the production of chiral pharmaceuticals and nano-materials.
I. INTRODUCTION
Atmospheric-pressure plasma jets (APPJs), which generate non-equilibrium low-temperature plasmas in open air [1] , rather than in confined discharge gaps as traditional dielectric barrier discharge(DBD) devices [2] , [3] , have recently attracted much attention due to their numerous applications in plasma biology and medicine, as well as in materials processing and nanotechnology [4] - [9] . Whereas the molecules and atoms in biomedicine and materials science (such as DNA, proteins and singe-walled carbon nanotubes) often present helix structures and chiralities, which are closely related to life phenomena, and also impact significantly on the properties of materials. However, the synthetic technology applicable to the production of chiral pharmaceuticals and materials is still limited with present conditions [10] , [11] .
Recently, a new type of discharge in helix pattern driven by a pulsed dc power supply was reported [12] - [18] . In the absence of external magnetic field, the stable helix plasma plumes form spontaneously within a coaxial and axisymmetric experimental set up, and present two differ-The associate editor coordinating the review of this manuscript and approving it for publication was Nagarajan Raghavan. ent chiral characteristics (right and left-handed patterns). High-speed photography shows that the chiral plasma plume propagate in the form of ionization waves (streamers). A preliminary electromagnetic theoretical model reveals that this observation is related to the development of the special threedimensional patterns of the electric field under the optimum discharge conditions [12] - [15] . However, the reasons for the selection of any specific chirality are not fully understood for the helix plasma yet. The experimental efforts have been made that a grounded metal helical coil (without any applied potential) was added on the outer surface of the discharge tube to see its effect on the shape of the plasma [16] , [17] . It suggests that the chiral plasma can be modulated and guided by using an externally mounted helical coil.
In this work, the configurations of electric field with an external coil are simulated and compared with experiments. The poloidal electric field which is related to the origin of chirality is analyzed.
II. NUMERICAL MODEL
The structure of the setup is shown in Fig.1 . The plasma plume is generated in a quartz tube with a length of 1m. The inner and outer diameters of the quartz tube are 6 and 9mm, respectively. The high voltage electrode which is made of copper wire and covered with quartz dielectric (with the total length of 15mm and the outer diameter of 3mm) is inserted into one side of the tube. Nitrogen is used as the working gas, and the gas flow rate is controlled by a mass flow controller. The helical coil (with a pitch of 6mm and outer diameter of 0.2mm) attached to the outer surface of the quartz tube, are made of stainless steel. During discharge, the electrode was connected to the high voltage terminal of a pulsed DC power supply, while the helical coil were connected to the ground.
Here we first apply three dimensional electrostatic simulation for initial electric field of the discharge configuration with an external coil. The distribution of electric potential ϕ is computed by Poisson's equation
where ε 0 is the permittivity in vacuum, ε r is the relative permittivity. The relative permittivity of the quartz dielectric is set as 4.2. The relative permittivity of the helical coil is not specified, for that the potential of the helical coil is not calculated by Eq. (1). The helical coil is set as an equipotential. In the below case of neglecting the surface charges, charge density from the right hand side of Eq. (1) is not set to be zero artificially. No external circuit is included. And the electric field E is obtained by
The equations shown above are solved by COMSOL with the finite element method. Non-uniform meshes were employed as illustrated in figure 2 . The meshes of the simulation were generated by using the repetitive 3D tetrahedral mesh element, and the field was calculated at each node of the tetrahedral by solving Poisson's Equation (1) . To set the physical boundary conditions, the electric potential of the electrode are fixed with applied voltages and the helical coil are treated as ground with potential as 0 V. During the simulation, the actual field strength at an arbitrary position is obtained by a superposition of the field solutions for the electrode with applied voltages. The mesh size is refined at the electrode and helical coil, with the minimum mesh size 0.152mm at the electrode, and with the mesh size expands exponentially up to 0.45mm away from the electrode. About 1,400,000 elements were used and the total number of degrees of freedom was around 1,950,000.
III. RESULTS AND ANALYSIS
The spatial electric field distribution of the electrode is obtained by using the finite element method with an applied voltage of 7 kV, as is shown in Fig. 3 . The local strong electric field areas are focused on the tip of the electrode and the helical coil. And the maximum electric field intensity is approximately 3.5×10 6 V/m. For the reason that the potential of the helical coil is forced to be grounded, the gradient of the electric potential near the coil is significantly higher than other parts of the tube. And also the electric field intensity near the coil is greater than other parts, especially for the head of the helical coil close to the electrode side. Along the helical coil, the electric field intensity decreases as the distance away from the electrode. Until the third helical cycle of the coil, the electric field intensity is below 10 4 V/m, and the difference of the electric field intensity cannot be shown because of the color contrast of the figure.
The empirical formula of the ionization coefficient is the function of gas pressure and electric field as suggested by Townsend: α = Ape −Bp/E . The constant A and B are determined by approximating the experimental data. In Nitrogen gas, A = 12cm −1 Torr −1 , B = 342V/(cm · Torr) [18] . For the break down condition γ e αd ≥ 1 and in gas pressure 7kPa(52.5Torr) (withγ estimated as 0.025, d estimated as unit length), the break-down electric field E = −Bp/In(α/Ap) is estimated to be about 4×10 5 V/m, which means that the electric field intensity in the gap is higher than that required for gas breakdown.
Without considering any effect of surface charges or capacitances, it can be seen from the electrostatic simulation result that the helical configuration of electric field near the electrode and the coil, which can effectively enhance electron energy, is formed before gas breakdown. It suggests that the initial configuration of electric field is an important factor for forming the helical propagation and the chirality of plasma plume at the pre-breakdown of working gas. It helps to understand the reason that discharge channels are affected by helical coils in experimental literatures [16] , [17] , but cannot completely explain why the streamers always follow the coils afterwards.
In Figure 4 , the arrow represents the electric field intensity vector. The size of the arrow is proportional to the electric field intensity, and the direction of the arrow is consistent with the direction of the electric field vector. It shows that strong electric field areas exist at both the working gas and dielectric near the electrode. The electric field intensity vectors are not vertical to the inner surface of dielectric, i.e., there are electric field lines along the tangential direction of the dielectric surface. Therefore, it is possible to generate surface discharges along the surface. The poloidal component of electric field, which is closely related to the chiral characteristics, is provided by the electric field around the helical coil, especially the electric field at the head of the coil. However, it should be noted that the electric field lines is not obviously concentrated inside the dielectric tube. Rather than the initial electric field, the residual surface charge distribution after the pre-breakdown may be the direct cause leading to the formation of the chiral plasma plumes. Figure 5 shows the distribution of initial electric field intensity with different voltage potential on the helical coil, and with the voltage of electrode 7kV. When the voltage of coil is 0kV, the distribution of initial electric field intensity is identical to Fig. 3 which connect the helical coil to ground. With the increase of the voltage on coil, the potential difference between the electrode and coil decreases, and then the intensity of the initial electric field decreases as shown in Fig. 5 . It consistent with the former experiment results in ref [16] , [17] that the plasma plumes decreases as the increase of the voltage on the helical coil, and it is hard to breakdown when the voltage on the helical coil closes to voltage on the electrode. It shows that the initial electric field is important for the development of the helical discharge, and the decrease of the electric field intensity makes the breakdown more difficult.
For further study the effects of surface charges, induced charges are fixed at the surface of the dielectric tube on the trajectory of the helical coil in simulation of former setup, according to the charge model in [16] , [17] . The surface density of charge is estimated by σ = C 0 U , where U is the difference of the voltage between the inner and outer surface of the dielectric tube, C 0 is the equivalent stray capacitance of the quartz tube. The capacitance on unit area C 0 in the equivalent electrical circuit shown in Fig. 6 , is considered to be linear and homogeneous for the tube, and is estimated by C 0 = ε r ε 0 /d, where d is the thickness of the tube. For d = 1.5×10 −3 m,ε r = 4.2, C 0 is about 2.5×10 −8 F/m 2 . For U = 7kV, σ can be estimated on the order of 10 −4 C/m 2 . In Fig.6 , C p represents the equivalent capacitance of the plasma, C d represents the equivalent capacitance of the downstream gas, and R p represents the resistance of the gas. The typical value of equivalent capacitance for every elementary capacitor C p is about 10 −14 F. The typical resistance R p is about 100M determined by a low-density surface plasma. And for simplicity, the equivalent capacitance of the downstream gas C d is ignored and not considered here [17] . Fig. 7(a) shows the photograph of plasma plume which is obtained at experiment [16] when a grounded helical coil is placed on the outer surface of the quartz tube (gas pressure 7kPa, voltage parameters: 7kV, 1kHz, and 1µs). And the simulation result of the electric field affected jointly by the voltages of power supply and the surface charges is shown as Fig.7(b) . Compared with Fig.3 , the local strong electric field areas are obviously increased in Fig.7(b) after considering the surface charges. Along the helical coil, the strong electric field areas in Fig.6(b) extend beyond the tenth helical cycles of the coil, which is consistent with the result in Fig.7(a) . Fig.3 , the strong electric field area only reaches at the second helix cycle of the coil, which cannot explain the experimental result in Fig.7(a) . It shows that the surface charges make an important contribution to the electric field for the propagation of chiral plasma plumes. For fully evaluating the lengths of the chiral plasma plumes, the exact streamer simulations with time-consuming computations are required in future work. In addition, it is also noteworthy that the intensity of electric field in the center of the dielectric tube is close to the field near the coil, within the 6 helix cycle of the coil on the electrode side in Fig.7(b) . The uniformity of electric field in this area is higher than the rest part of the tube. While in the experimental result of Fig.7(a) , the plasma plume in this area appears certain diffusion that the discharge channel is not exactly filamentous compared with the plasma plume after the sixth helix cycle. Thus it shows that the electric field uniformity can affect the shape of discharge channel and make it more diffused. It also explains why chiral streamers turned more stable and filamentous after the coil is added.
While in
As the voltage on needle electrode fixed at 7kV, the length of chiral plasma plumes with different voltage (from 0 to 7kV) applied on external coil in experiment is shown in Fig.8 . The length of the plasma plumes decreased linearly as the increasing of the voltage on coil, until the voltage of 5kV when the potential difference is not sufficient to FIGURE 9. Electric field distribution between the electrode (with applied voltage 7kV) and helical coil (with applied voltage 1kV, 2kV, 3kV, 4kV, 5kV and 6kV respectively, and with pitches of 6mm) with effects of surface charges. breakdown the gas in experiment. To estimate a linear decay rate of the length, the fitting line of the data(with voltages 0-5kV) is show as the dash line in Fig. 8 . The decay rate is approximately calculated as the slop of the fitting line which is 12.7mm/kV, by linearly fitting method.
After considering the effects of surface charges, Fig. 9 shows the simulation results of electric field intensity with different voltage potential on the helical coil, and with the voltage of electrode 7kV. As the increasing of the voltage on coil, the difference of the voltage between the inner and outer surface of the tube U is decreased, and also the surface charge density σ is decreased, then the eletric field intensity presents overall decline, and the length of local strong electric field area in Fig.9 is shorter, which is more consistent to the experiments than in Fig.5 . To derive an approximate linear decay rate of Fig. 9 , as similar to the linearity as observed in experiments in Fig. 8 , the length of the area that electric field intensity higher than 4 × 10 5 V/m which is estimated as the breakdown intensity before, is shown in Fig. 10 with the voltages of coil varied from 0 to 5kV. The decay rate after linear fitting is about 11.6mm/kV, which is close to the experimental results in Fig. 8 . It shows that the surface charge model is reasonable for explain the development of discharge region affected by the variation of voltage on coil in experiment.
However, when the coil is not added and the surface charges are placed homogeneously on the tube, the electric field in the simulation have no poloidal component and is not in helical configuration. It will leave to the future work for finding the initial electric field in poloidal direction at the situation without external coil.
It is interesting to note that MHD model for a plasma column often predicts plasma kinking phenomenon. As an intrinsic phenomenon of plasma dynamics, the helix plasma filament might be a saturated kink mode of the plasma. The role of helical coils (the associated helical E-field and B field) may help to further sustain this helical structure. And since the power source is a fast time-varying voltage, there should be non-negligible eddy currents flowing in the helical coils. One would imagine that the resulting (time-varying) magnetic field should play important role in the formation of the chiral plasma plume in this case. This means that an electrostatic model may not be sufficient for this problem. Interaction between the plasma and the magnetic field may play far more important roles. However, the present model focus on the poloidal electric field leading to the origin of the chiralities. The effects of time-varying electromagnetic model will be studied in future work.
IV. CONCLUSION
In summary, the three-dimensional distribution of electric field under the configuration of needle electrode and helical coil is obtained by finite element simulation. The effects of surface charges on the electric field are also analyzed and compared to the experimental results with an external coil. It is found that the formation of the chiral plasma plume and its chiral determinant are derived from the initial electric field generated by the coil. But after that, surface charges played an important role in the development of plasma plumes.
However, it still leaves the open question that how chiral plasma forms without external coil in experiment. The electrostatic model considering surface charges is not fulfilled for explaining the origin of initial electric field in the situation without coil. And the present electrostatic model is also lack of real plasma model for the gas discharge. There is still a long way to go to work out the problems of the plasma chiralities. The mechanism of the chiral plasma which have important implications for the production of chiral pharmaceuticals and nano-materials, will be further studied in future work.
